The dark matter velocity distribution in the Solar neighbourhood is an important astrophysical input which enters in the predicted event rate of dark matter direct detection experiments. It has been recently suggested that the local dark matter velocity distribution can be inferred from that of old or metal-poor stars in the Milky Way. We investigate this potential relation using six high resolution magneto-hydrodynamical simulations of Milky Way-like galaxies of the Auriga project. We do not find any correlation between the velocity distributions of dark matter and old stars in the Solar neighbourhood. Likewise, there are no strong correlations between the local velocity distributions of dark matter and metalpoor stars selected by applying reasonable cuts on metallicity. In some simulated galaxies, extremely metal-poor stars have a velocity distribution that is statistically consistent with that of the dark matter, but the sample of such stars is so small that we cannot draw any strong conclusions.
Introduction
Discovering the identity of dark matter (DM) is one of the main goals of particle astrophysics [1] [2] [3] [4] . Many direct detection experiments are currently operating around the world, searching for the recoil of a nucleus in an underground detector after a collision with a DM particle. An important input which enters the calculations of direct detection event rates is the DM abundance, and its velocity distribution in the Solar neighbourhood. Variations in the astrophysical parameters that define this distribution as well as its functional form lead to large uncertainties in the interpretation of direct detection data.
In the analysis of direct detection data, usually the Standard Halo Model (SHM) [5] is assumed for the DM distribution. In the SHM, the DM is distributed in an isothermal sphere and has a Maxwell-Boltzmann velocity distribution with the peak speed equal to the local circular speed, usually taken to be 220 km/s. The DM velocity distribution could, however, be different from the SHM and this could alter the exclusion limits derived from direct detection [6] [7] [8] [9] . Departures from the SHM do not affect all the experiments in the same way, since, depending on the nuclear target and on the range of recoil energies that are analysed, different detectors probe different regions of the velocity distribution function. Therefore, an accurate description of the velocity distribution function is crucial to interpret current and future experimental results [10] [11] [12] [13] [14] .
An insightful way to obtain information on the DM velocity distribution is to use cosmological simulations of Milky Way (MW)-like galaxies. High resolution hydrodynamic simulations of galaxy formation including both DM and baryons have recently become possible and have achieved significant agreement with observations. Recently, The EAGLE/APOSTLE, MaGICC, and the Sloane et al. hydrodynamic simulations studied the DM velocity distribution in the Solar neighbourhood in MW-like galaxies and found that the Maxwellian velocity distribution provides a good fit to the DM velocity distributions of MW-like halos [15] [16] [17] [18] . The peak speed of the best fit Maxwellian distribution can however be different from the local circular speed (see figure 1 of ref. [18] ).
An alternative way to obtain information on the DM velocity distribution is to use both hydrodynamic simulations and observations of stellar velocities. Recently, it was suggested that old metal-poor stars in the Eris simulation trace the local DM velocity distribution, due to their common origin with DM [19] . Using the SDSS-Gaia DR2 data, ref. [20] produced an empirical DM velocity distribution function which was inferred from the observed velocity distribution of metal-poor and intermediate metallicity stars belonging to the halo and a substructure population, respectively. The DM distribution inferred in this way diverges substantially from the SHM. This result depends on the assumption that there is a strong correlation between the local velocity distribution of DM particles and a population of old metal-poor stars. This has been confirmed in a single halo in one simulation [19] , but needs to be tested with larger samples and also with different hydrodynamical simulations using different galaxy formation models in order to be generalised.
In addition, one should bear in mind a number of uncertainties involved in the comparison of simulated and observed metallicities. Incompleteness of the observational data, particularly at very low metallicities, as well as assumptions and approximations made in the subgrid physics in hydrodynamical simulations, make the comparison difficult. We discuss this further in section 3, where we show a comparison of the age-metallicity relation in simulations and observations.
In this paper, we study possible correlations between the velocity distributions of old and metal-poor stars with those of DM particles in the Solar neighbourhood in six high resolution magneto-hydrodynamical simulations of MW-like galaxies within the Auriga project. In section 2 we discuss the details of the Auriga simulations relevant for this work. In section 3 we show the age-metallicity relation in Auriga halos. We present the velocity distributions in section 4, and present the density profiles in section 5. Finally, we present our concluding remarks in section 6. In appendix A we discuss the sensitivity of our results to the metallicity cut.
Simulations
The Auriga project [21] is a suite of cosmological magneto-hydrodynamical simulations of 30 MW halos, performed by the Tree-PM, moving mesh code, Arepo [22] . The MW-like halos were selected from the 100 3 Mpc 3 cosmological, periodic box of the EAGLE project [23, 24] , with the requirements to have virial 1 mass of the order of 10 12 M , and be relatively isolated at z=0. The halos were then resimulated using the zoom-in technique [25, 26] at three different levels of resolution with full hydrodynamics and a comprehensive subgrid galaxy formation model.
In summary, the galaxy formation model includes primordial and metal-line cooling with self-shielding enabled, star formation, stellar evolution and supernovae feedback, X-ray/UV ionising background radiation, and supermassive black hole growth and feedback. We refer the reader to ref. [21] and references therein for details of the model. While all 30 halos have been resimulated at the fiducial resolution, labeled level 4 with 5 × 10 4 M per DM particle, in this study, we use 6 halos (Au6, Au16, Au21, Au23, Au24, Au27) at the highest resolution, level 3. The level 3 runs have m DM = 4 × 10 4 M per DM particle, typical mass of m b = 6 × 10 3 M per baryonic element, and a maximum softening length of = 184 pc.
DM halos and bound structures in the simulations are defined using the Friends of Friends (FoF) algorithm and SUBFIND, respectively [27, 28] . MW analogs are referred to the central bound structure of the main FoF group. The position and velocity of the centre of MW analogs are calculated using the shrinking sphere method on DM particles, where we start by computing the centre of mass of particles within the virial radius and shrink the radius iteratively by 5% at each step until 1000 particles is reached. The disc of the MW analogs are defined to be perpendicular to the net angular momentum of bound star particles within 10 kpc.
For our analysis, we consider only star particles bound to the MW analogs (not to the existing satellites), while all DM particles are included regardless whether they are bound to the MW analogs or subhalos. The reason being stars belonging to known satellites are removed in observations, while DM detection experiments are sensitive to all DM particles, particularly those bound to numerous dark subhalos.
Age-metallicity relation in Auriga
Star particles in the Auriga simulations are formed stochastically from gas cells satisfying the starformation density criterion, and represent a single stellar population with Chabrier Initial Mass Function [29] . As a star particle evolves, mass loss and metal deposition due to supernovae-Ia and Asymptotic Giant Branch stars are calculated and distributed to the neighbouring cells. To model the feedback and metal enrichment from supernovae-II, the code creates a wind particle instead of a star particle, which is then expelled from the star-forming gas. Nine chemical elements are tracked self-consistently in this process: H, He, C, O, N, Ne, Mg, Si, Fe [30] .
The relative abundance of two elements X and Y in a star is defined with respect to their relative Solar abundances,
Here N X and N Y are the number density of elements X and Y , respectively. We use the mean abundance of available α-elements in Auriga (O, Mg, and Si) for calculating [α/Fe]. In particular, we take take the average of [O/Fe], [Mg/Fe], and [Si/Fe]. We adopt the following Solar abundances A F e = 7.5, A O = 8.69, A M g = 7.60, A Si = 7.51 from table 1 of ref. [31] , where A X = log 10 (N X /N H ) + 12. Figure 1 shows [Fe/H] and [α/Fe] versus formation time (since the Big Bang), as well [α/Fe] versus [Fe/H], for all stars in a cylindrical shell around the Solar circle, with radial distance 7 ≤ ρ ≤ 9 kpc, from the centre of the galaxy for Au6. For comparison, we also show the observed metallicities of stars in the Solar neighbourhood as red data points in the bottom right panel. These observational data are extracted from table 2 of ref. [32] , and show a reasonable agreement with the metallicities of Solar circle stars in the simulated halo. However, one can see that the data are sparse at very low metallicities, making a detailed comparison with simulations difficult.
We obtain similar results for the other Auriga halos. As expected, stars formed at later times have higher metallicities on average (approaching Solar values at ∼ 6 Gyr after the Big Bang), while the oldest stars formed right after the big bang are very metal poor. The relation, however, has a large scatter particularly for the oldest stars; those which formed in the first Gyr after the big bang can have [Fe/H] values spanning a large range from −3.35 to −0.93 (5 to 95 percentile range) with a median of -1.72.
Velocity distributions
In this section, we will set different cuts on the age and metallicity of stars in the Solar neighbourhood and study the correlations of their velocities with the DM velocity distribution.
To describe the velocity vector of DM and star simulation particles, we define a reference frame with the origin at the Galactic centre, z-axis perpendicular to the stellar disc, ρ in the radial direction, and θ in the azimuthal direction. We define the Solar neighbourhood region for extracting the stellar velocity distributions, as a cylindrical shell with radius 7 ≤ ρ ≤ 9 kpc, and considering all particles within a maximum Galactocentric radius of r max = 15 kpc (hence there is an implicit cut on the vertical distance, |z| ≤ r 2 max − ρ 2 ∼ 12 kpc). Since old or metal-poor stars are mostly distributed in the stellar halo, we do not restrict the Solar neighbourhood stellar distributions to the disc. For the DM velocity distribution, however, we additionally require that |z| ≤ 2 kpc, such that the particles are constrained to the disc. We then compute the vertical (v z ), radial (v ρ ), and azimuthal (v θ ) components of the DM and stellar velocity distributions. These three components of the velocity distribution are individually normalised to unity, such that dv i f (v i ) = 1 for i = z, ρ, θ.
In figure 2 we show the radial, azimuthal, and vertical components of the DM and stellar velocity distributions in the Solar neighbourhood for six Level 3 Auriga halos: Au6, Au16, Au21, Au23, Au24, and Au27. Additionally, we show the velocity distributions of stars which have formed less than 3 Gyr and less than 1 Gyr after the Big Bang. The shaded regions specify the 1σ Poisson error on the data points. Due to the lower number of old stars, their Poisson errors are larger compared to all stars or DM particles. In the Solar neighbourhood region 7 ≤ ρ ≤ 9 kpc, the total number of stars is in the range of [ Figure 2 . The radial, azimuthal, and vertical components of the DM (black) and stellar velocity distributions in the Galactic reference frame for six Auriga halos: Au6, Au16, Au21, Au23, Au24, and Au27 in rows one to six, respectively. The velocity distribution of all stars (red) is different from those of old stars with formation time less than 3 Gyr (blue) and less than 1 Gyr (yellow) after the Big Bang. Both the DM and stellar velocity distributions are shown in the Solar neighbourhood, 7 ≤ ρ ≤ 9 kpc. The DM distributions are additionally restricted to the disc, |z| ≤ 2 kpc.
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We can see from figure 2 that the velocity distribution of very old stars formed less than 1 Gyr after the Big Bang is similar to the distribution of stars which formed less than 3 Gyr after the Big Bang. Both of these distributions, however, significantly differ from the DM velocity distributions, and have smaller velocity dispersions. It is clear that there is no correlation between the velocity distribution of old stars and DM.
A number of other interesting features can be recognised from figure 2. The stellar velocity distribution in the azimuthal direction has a peak speed of ∼ 200 km/s, clearly indicating the presence of the stellar disc. This is particularly visible for the full stellar distribution, and old stars formed within T < 3 Gyr do not present a strong disc kinematics. This implies that the younger stars are more likely found in the disc or that the disc assembled progressively. Notice also that, as expected, the DM distribution does not show this strong disc kinematic signature. There is, however, a small shift in the peak speed of the azimuthal component of the DM velocity distribution, which may be an indication of the presence of a disrupted substructure, remnant of a satellite merger or some other transient effect in the torus region we considered.
In In this case, the velocity distributions have such large Poisson error bars that we cannot draw any strong conclusions.
We have also checked that removing stars from the disc does not change the main results in figure 3 . Moreover, if we constrain the metal-poor stars in the Solar neighbourhood to the disc, i.e. setting |z| ≤ 2 kpc, the results will remain qualitatively similar to figure 3, but with larger Poisson error bars due to lower statistics.
To quantify the correlation between the velocity distribution of metal-poor stars and DM, we apply the two-sided Kolmogorov-Smirnov (KS) test to the distributions. In table 1, we show the p-values of the KS test for the radial, azimuthal, and vertical velocity distributions. For stars with [Fe/H] < −2 and [α/Fe] > 0.2, the p-values are always much smaller than 0.05 (other than for the vertical distribution for Au24 where p = 0.063), and the null hypothesis that DM and those populations of metal-poor stars share the same distribution is rejected at 95% CL. When placing the more extreme cut of [Fe/H] < −3 on the metallicity, we lose statistics. Hence, the stellar distributions with [Fe/H] < −3 and [α/Fe] > 0.2 show some correlations with the DM distributions, solely due to the large Poisson errors. This can be observed from the p-values shown in the second column of table 1, where they become larger than 0.05 for halos Au6 and Au23 for the vertical distribution, Au16 and Au21 for all three distributions, and Au24 and Au27 for the radial and azimuthal distributions.
In figure 4 , we show the speed distributions of DM and all stars, as well as stars with metallicity cut [Fe/H] < −1 and [Fe/H] < −2, both with [α/Fe] > 0.2, in the Solar neighbourhood for the six halos. We can see that the local DM speed distribution has a peak speed which is always larger than the peak of the speed distribution of metal-poor stars. This is consistent with what we find for the density profiles of DM and stars (see section 5). There are also substantial differences in the tails of both velocity distributions, a region that affects the search for low mass DM in direct detection experiments (see, e.g., [12] ). Note that we do not show the results of [Fe/H] < −3 since the error DM All Stars bars are very large in that case, so it is difficult to perform any meaningful comparison with the DM distribution. Also, as we have already argued, such low values are not consistent with observations in the MW. To assess the slope of the density profiles in the Solar neighbourhood, we fit a power-law ρ(r) ∝ r −a to each density profile in the range of 6 ≤ r ≤ 10 kpc. We choose this larger range of radius in order to have enough bins to perform the fit. The values of the slope, a, with their standard error are given in table 2. One can see that the slope of the density profiles of metal-poor stars and DM are not similar. Notice that for [Fe/H] < −3, the error bars become large again due to poor statistics.
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Density profiles
Since in the Solar neighbourhood, the density profiles of any population of stars (metal-poor or metal-rich) fall faster with Galactocentric radius compared to the DM density profiles, there are more high speed DM particles compared to stars in the Solar neighbourhood. This results in the peak speed of the local DM distributions to be larger than the stellar speed distributions as shown in figure 4 . This was also discussed in detail in ref. [33] .
Conclusions
The local dark matter velocity distribution is an important input in the calculation of dark matter direct detection event rates and the interpretation of current and future experimental results. If there were a population of stars that trace the dark matter velocity distribution in the Solar neighbourhood, one would be able to use observations of those stellar velocities to infer the dark matter velocity distribution directly from data.
In this work, we have studied whether the velocity distributions of stars and dark matter in the Solar neighbourhood are correlated in six Milky Way-like galaxies in the Auriga hydrodynamic simulations. In particular, we set various cuts on the formation time and metallicity of stars in a • The local dark matter speed distributions have peak speeds which are systematically larger than the peak speeds of the distributions of metal-poor stars.
• The density profiles of stars with various metallicity cuts drop faster than that of dark matter. As expected, in the Solar neighbourhood, the slopes of the density profiles of metal-poor stars and dark matter are not similar.
Hence, the results of our work do not confirm the conclusions of ref. [19] which found excellent correlation between the local velocity distributions of metal-poor stars and dark matter in one simulated galaxy with an especially quiet merger history, and proposed that observations of metal-poor stars in the Solar neighbourhood could be used to empirically determine the local dark matter velocity distribution. The difference in the local velocity distribution of dark matter and stellar halo is not surprising; the dark matter halo is built up not only by the accretion of dwarf galaxies, but also through smooth accretion and accretion of dark substructures. Ref. [34] shows that a non-negligible fraction of mass in Milky Way size halos of the Aquarius project [35] comes from smooth accretion. Moreover, the steep shape of the stellar mass-halo mass in ΛCDM predicts that almost all low mass substructures are dark [36] , which can contribute to the dark matter mass due to their large abundance [35] . These points have also been discussed in ref. [20] . Dark matter direct detection experiments, however, are sensitive to all dark matter in the Solar neighbourhood (as considered in this work and in ref. [19] ), regardless of its accretion history.
Before the submission of this work, ref. [37] appeared where the authors find strong correlations between the local velocity distribution of stars and dark matter accreted from luminous satellites in two Milky Way-mass halos from the Latte suite of Fire-2 simulations. This correlation is expected due to the similar origin of those two populations. However, it needs to be tested in multiple simulations to ensure that the conclusions are not sensitive to the specific baryonic feedback, resolution, or merger history of a particular simulation. We leave the study of this correlation and possibility of other tracers of the local DM distribution in Auriga halos to future work.
We finally note that one obvious limitation of this and similar work is the poor statistics of metalpoor stars in both simulations and observations. The availability of higher resolution simulations and better observations could significantly improve the results of such analyses in the future.
A Sensitivity to metallicity cut
In this appendix we show how the correlations between the local DM velocity distribution and the distribution of metal-poor stars change when we only consider the cut on [Fe/H] without including any cut on [α/Fe]. In figure 6 we show the velocity distributions of DM, all stars, and stars with different cuts on [Fe/H], in the Solar neighbourhood.
In table 3 
